In this work, monolithic hybrid materials exhibiting both meso-and macropores of controlled size have been prepared using the hydrolysis-condensation of modified silicon alkoxide in the presence of a surfactant. These materials have been thouroughly characterized using gas sorption, mercury intrusion porosimetry, small angle X-ray scattering and electronic microscopies both in scanning and transmission modes. Using these hierarchically porous samples, it has been possible to demonstrate for the very first time that thermoporosimetry (TPM) technique, based on the measurement of transitions of confined liquids, is indeed valid over a very wide pore size range (from few nm up to several hundred nm) to characterize the porosity in solids. This first experimental evidence is a major breakthrough because it offers a unique technique covering the whole range from mesopores to macropores, filling the known gap from standard techniques. This unique combination of smart design of hierarchicaly porous materials and advanced calorimetric characterization of porous solids , has also brought the first true calibration data for TPM on such a large size scale.
Introduction
Nature has always been a source of inspiration for chemists and materials scientists. Among the most striking features of natural materials, the 3-dimensional organization of matter at different length scales has attracted considerable interest during the last 20 years. The socalled hierarchical materials are found in many natural systems such as bone tissue, wood, nacre, or diatoms and are becoming a major source of inspiration for material scientists [1] .
Especially the siliceous exoskeleton of diatoms provides a magnificent example of an organized hierarchical system occurring in a living organism in which the beauty of a highly periodically ordered pore system and the functionality -the mass transfer within the organism-are combined. [2] For a wide variety of applications, such as catalytic reactors, [3, 4, 5] sorption or separation sciences, [ 6, 7] biomaterials engineering, or as scaffolds, simple and efficient methods are needed to produce materials comprising several level of pore sizes, e.g. macro/meso or macro/micro in diverse morphologies. This is especially true for applications, which rely on the contact of the solid phase with a fluid. A highly interconnected or co-continuous macroporous framework allows for a high diffusion rate at low pressure drop through the solid material, whereas the meso/ micropore system guarantees for a high internal specific surface area and thus for a high loading with reactive sites.
In recent years several approaches have been developed to deliberately design meso/macroporous silica-based monoliths, e.g. relying on templating methods, or phase separation strategies. To name only some recent examples, Nakanishi has pioneered the phase separation strategy by relying on spinodal decomposition of polymers in a silica sol-gel system [8] and Hüsing et al. followed a similar strategy and highly porous silica monoliths with a cellular macroporous network comprising hexagonally arranged mesopores were obtained. [9] Concomitantly with the development of designing hierarchically organized materials across varying length scales [10, 11, 12] , a key issue is to find efficient characterization techniques in order to investigate and determine the different pore size regimes.
Several techniques have consequently been developed to characterize the structure of porous solids. Among them, gas sorption and mercury intrusion porosimetry are probably the most popular. Gas sorption is very efficient for microporous and mesoporous solids with reasonably small pore size (few tenth of nm in diameter) resulting in an observable capillary condensation described by the Kelvin equation. The later allows for the correct determination of pore size distribution assuming a given pore shape. On the other end of the scale, mercury intrusion porosimetry is well adapted for large macropores for which the intrusion of non -wetting mercury occurs at reasonably low pressure. This pressure is related to the size of the pores through the well known Laplace-Washburn equation. When the pores are getting smaller, the intrusion pressure increases strongly and reaches considerable values for mesopores rendering the technique questionable because of the most probable alteration of the pore structure, sometimes even leading to the destruction of the material. Consequently a gap covering the range of large mesopores up to small macropores exists where no single technique is available with good confidence.
Alternative techniques relying on the Gibbs-Thomson equation [13, 14] have also been
proposed. This equation quantifies the observed experimental shift of the melting point of a liquid confined in pores and can be written:
Equation (1) where T p is the melting temperature of a liquid confined in a pore of radius R p , T 0 is the normal melting temperature of the liquid,  SL is the surface energy of the solid/liquid interface,  the contact angle, H m is the melting enthalphy and  S the density of the solid.
According to this equation, the shift of the transition temperature of a confined liquid T is inversely proportional to the radius of the pore in which it is confined. In fact it is well known that not all the solvent takes part in the transition and that a significant part of it remains adsorbed on the surface of the pore. The state of this adsorbed layer has been discussed extensively in the case of water. Consequently, the radius measured by application of the Gibbs-Thomson equation should be written R=R p -t where t is the thickness of the adsorbed layer leading to a reformulation [15] of Equation 1 as
In principle, it is then possible to determine the pore size of a given material by measuring T. In 1955 Kuhn et al. [16] proposed to use Differential Scanning Calorimetry to measure T and invented the so called thermoporometry technique (or thermoporosimetry as will be used in the following). This technique has been further described by Fagerlund [17] and popularized and developed by Brun [18] . Knowledge of k and t in Equation 2 is mandatory, but once determined, the curve obtained from thermoporosimetry (TPM) can be transformed into the pore size distribution. In this sense, TPM is a secondary method since it requires preliminary determination of the evolution of T as a function of R p for a given solvent.
It has been shown [19] that the correlation between gas sorption and TPM is good making the later an interesting alternative for measuring pore size distribution.
Among the many advantages of TPM, the authors have been exploring thoroughly two applications in the recent years.
First, TPM is also applicable to soft materials like polymers and gels where the characterization of mesh size distribution is possible together with the determination of swelling ratio [20, 21] and even dynamics including the measurement of diffusion coefficients in confined geometry [22] . Of particular interest is the study of aging in polymers [23] and nanocomposites made up of interpenetrating organic and inorganic networks [24] .
Secondly, the range of applicability of TPM is expected to be much larger than gas sorption and indeed many applications of TPM on the macro scale (beyond 50 nm) can be found now in the literature including hierarchically porous TiO 2 microparticles [25] . The only limitation is the lack of confident calibration of TPM in the macropore domain. Indeed since the early developments, mesoporous solids have always been used for calibration purpose with a limited demonstrated validity [26, 27] . All derivation of TPM on bigger pore sizes, are somehow speculative even if comparative studies and comparison with SEM are all conclusive.
The goal of this work is to report the first true calibration of TPM in the macropore domain together with mesopores, thus confirming the long time established hypothesis that TPM can indeed be used as a multiscale charaterization technique for porosity in solids and 3D network organization in soft materials. This makes TPM very unique and confirms it as the missing element in the full size range characterization set of techniques.
To achieve this objective, hierarchically porous hybrid materials have been prepared by using an ethylene glycol modified silane (EGMS) as precursor. These materials exhibit both mesopores and maropores, the size of which can be tuned by carefully selecting the structure-directing and phase-separation inducing agent, here Pluronic P123, and via controlling hydrolysis and condensation reactions by adjusting the concentration of the acidic catalyst HCl. The porosity of these materials has been completely characterized by gas sorption and mercury porosimetry allowing to confirm the validity of TPM on both size ranges and to derive the first true multiscale calibration of TPM with o-xylene.
Experimental section

Chemicals and solvents
Ethylene glycol (>99.5 %, Merck) was first dried over Na 2 SO 4 and then purified by distillation 
Synthesis of the glycolated precursor
The ethylene glycol modified silane (EGMS) was synthesized via a transalkoxylation reaction by reacting tetraethoxysilane with ethylene glycol in a molar ratio of 1:4 in argon atmosphere at 413 K [28] . During the synthesis ethanol was continuously removed by distillation. When no more progress of the reaction could be observed, excess of ethanol and tetraethoxysilane were removed in vacuo and the resulting SiO 2 -content of the liquid product was determined by thermogravimetric analysis (TGA). The here employed EGMS contained 20.6 wt% SiO 2 (theoretically expected value for SiO 2 : 22 wt%). The purity of EGMS was determined by spin-lock 29 Si-NMR investigations and showed one peak at -81.86 ppm indicative of the Si species with four glycolate ligands and at -88.60 ppm which can be assigned to either bridged-Si species or chelated Si species resulting either of intermolecular or intramolecular condensation reactions 29 .
Monolith Preparation
Three wet gels (A, B, C) were prepared by adding a homogeneous mixture of Pluronic P123 TM and dilute hydrochloric acid to EGMS whereas the concentration of the acid was either 1, 0.1 or 0.03 mol/l for A, B and C, respectively. The composition (by mass) of Si : P123 : x M HCl was adjusted to 8.4 : 30 : 70, assuming complete conversion of EGMS to silica [29] .
After homogenization of the mixture (using a vortex stirrer) the sol was allowed to gel and age in cylindrical PE vessels at 313 K for 7 days.
After aging all gels were cured for 6 h in a mixture of ethanol and concentrated hydrochloric acid (50 : 50 vol%), resulting in a higher mechanical strength. To avoid cracking of the monoliths during drying, all samples were treated by silylation of the surface silanol moieties with trimethylchlorosilane in petroleum ether (10 : 90 vol%), followed by washing with petroleum ether and ethanol to eliminate unreacted silane species [30] .
At last all samples were slowly heated to 473 K to remove residual solvent and simultaneously preserving the methyl moieties on the silica surface, resulting in a hydrophobic surface of the silica network.
Characterization
The spin-lock 29 Si-NMR investigations of the glycol modified silane were performed on a Bruker Digital NMR AV 400 spectrometer (Bruker, Karlsruhe) at 79.5 MHz in benzene-d 6 as solvent. For the spin-lock method (WALTZ16) [31, 32] , a 90° pulse of 50 µs was applied for 1   H   and   29 Si nuclei attenuating of 16 dB and 11 dB, respectively. Nitrogen sorption measurements were performed on a NOVA 4000e instrument (Quantachrome Instruments, Boynton Beach, FL) at 77 K in the relative pressure range of p/p 0 = 0.05 -0.99. All samples were degassed for 3 h at 373 K in vacuo prior to analysis. The BET surface area was determined using the 5 point method in a relative pressure range from 0.05 -0.3. The mesopore size distribution was calculated on the basis of the desorption branch using the BJH model. [33, 34] Small angle X-ray scattering (SAXS) measurements were performed on a Nano-STAR instrument (Bruker AXS, Karlsruhe) equipped with a HI-STAR area detector (Bruker AXS, Karlsruhe). The X-ray radiation was generated by a Cu anode (λ Kα = 0.154 nm) and the distance between sample and detector was 106 cm from which scattering curves in the range of 0.2 -2.1 nm -1 were obtained. All SAXS patterns were radially averaged to achieve This behaviour can be explained by the strong dependence of the pH-value on hydrolysis and condensation rates resulting in a different timing of the phase separation and gelation process. The latter one freezes the momentary situation of the phase separated domains and therefore determines the final macroporous morphology including the pore sizes. TEM images clearly show that the samples are not only mesoporous with pore diameters in the range of about 6 nm, but that the pores are in addition highly monodisperse and exhibit a long range ordering of a 2D-hexagonal arrangement as expected from the templating with P123 (as an example Sample A is displayed in Figure 3 ). [35] From scanning electron microscopy it is quite clear that the samples exhibit both, meso-and macropores, with the size of the macropores being strongly dependent on the concentration of hydrochloric acid (pH value).
For a more quantitative investigation of the mesopore size and the arrangement, all samples have been subjected to SAXS analysis and results can be found in Figure 4 . The patterns are very similar for the three samples, thus confirming that the influence of the pH-value in this size regime is only of minor importance. In addition, the 2D-hexagonal packing of the mesopores with a repeating unit distance of d 10 √3 : 2. The lattice constant a for the hexagonal lattice can be calculated to 13 nm. However, the relative intensities of the reflections -especially for the (11) and (20) reflections -show minor differences to each other for the various pH-values, which can be attributed to the different form factors arising from differences in the respective pore wall thicknesses and pore diameters. This has already been discussed previously. [36, 37] 
Gas sorption analysis
The three samples have been characterized in more detail with respect to their porous structure by nitrogen sorption analysis at 77 K. All samples show similar isotherms.
Representative isotherm of sample A is shown in Figure 5 exhibiting a type IV isotherm hysteresis loop all typical of mesoporous solids. Specific surface area and mean mesopore size have been determined with the classical models, BET and BJH, respectively. The applicability of the BJH model is supported by the observed cylindrical nature of the mesopores ( Figure 3 ). All data are collected in Table 1 .
As can be seen from the pattern of the nitrogen sorption hysteresis and the scattering pattern in figure 4 , the changes of the concentration of the acid catalyst in the range from 1 to 0.03 mol L -1 have no great impact on the formation of the 2D-hexagonally organized mesopore system.
Mercury porosimetry
On the other hand, the macroporous morphology seems to be greatly influenced by the concentration of HCl acid as depicted in Figure 2 . Dependent on the timing of the phaseseparation into a silica-rich phase as well as solvent-rich phase and the sol-gel transitionthus the solidification of the network -, the resulting macroporous morphology is determined. However, due to Ostwald-ripening and syneresis effects altering of the gelled silica network occurs until a complete solidification of the phase-separated domains, resulting in a finer macroporous framework for early solidified phase-separated systems or for a later solidification in a more coarsened macroporous network vice versa.
Mercury intrusion porosimetry has thus been used for the determination of a mean macropore size. As can be evidenced from Figure 2 , the macropore size distribution looks also quite narrow. The values obtained are presented in Table 1 together with gas sorption
data. An important deviation of baseline in mercury intrusion curves rendered the determination of macroporous volume impossible.
These fully characterized samples can now be used as calibration materials for TPM.
Thermoporosimetry
TPM has been performed on all samples with o-xylene as a probe solvent. Visual wetting of the samples by the solvent was confirmed and the o-xylene was added in slight excess in order to be sure to both completely fill the porosity and to have some free solvent allowing the measurement of its crystallization. As usually performed with this solvent, crystallization curves have been used instead of melting but reversibility of the transitions has been checked upon cycling the system. The thermogram obtained for sample A is shown in Figure   6 . Three crystallization peaks are observed for o-xylene in this system. The first one close to -26 °C corresponds to free solvent. Close to this peak a second one is observed and attributed to macropores. Finally a third peak highly shifted towards low temperatures is observed around -70 °C and corresponds to a strong degree of confinement and thus to mesopores. It is clear from Figure 6 that both mesopores and macropores contribution can be extracted from the thermogram. The proximity and partial convolution of the free solvent peak and the macropore peak requires deconvolution procedure that has been performed using gaussian functions and least square refinement. For this reason, quantitative information (macroporous volume and macropore size distribution) could not be obtained because the solvent confined in macropores was not completely melted resulting in underestimation.
O-xylene calibration with mesoporous silica gels (pore radius ranging from 2.4 nm to 14.3 nm) has been reported earlier by the authors 38 and the following equation was derived:
Equation (3) with t = 1.814 nm being the thickness of the layer of the solvent remaining adsorbed on the surface of the pores, and c = 0.03842 °C -1 .
This mathematical model is different from equation 2 but avoids inherent simplification hypothesis and has proven to be the most suitable for this solvent in particular for the high value of R p 39 .
As critically discussed 18 , in order to correctly derive the pore size distribution, one has to take into account the variation of the enthalpy of crystallization of the solvent as a function of temperature. This was also done by considering the amount of o-xylene undergoing the transition knowing the porous volume of the reference silica gels.
Following dependence was found:
Equation (4) with o W = 97.7 J.cm -3 the energy of crystallisation of the bulk solvent and f = 57.9 °C.
Considering both equations (3) and (4) derived for mesoporous systems, pore size distributions (PSD) can be determined following :
Equation (5) with Y(T) the signal from the DSC.
The PSD have been calculated for mesopores for all samples by transforming the thermograms according to equation (5) . The caculation for macropores was not possible because of the proximity of the two peaks in the DSC curve.
For mesopores, the comparison of TPM derived and gas sorption derived PSDs is good as illustrated with the example of sample A (Figure 7) . The most probable pore sizes derived from TPM are compared to the values obtained by nitrogen sorption in Table 1 . The incertitude for TPM measurements have been estimated, they come mainly from the TPM calibration curve. Data presented in this paper demonstrate incertitude ranging from 2 to 9 % for macropores and less than 5% for mesopores. It is worthy to note that this incertitude is calculated with other techniques (gas sorption or mercury intrusion) as a reference considering that it gives the exact value. Indeed these techniques have also their own incertitude so that the incertitude estimated here is maximized.
Calibration being obtained with mesoporous samples, the excellent correlation (discrepancy being within the experimental error) shown in Table 2 is nice but not surprising. It nevertheless validates the use of TPM on these new hybrid samples confirming also that TPM is not affecting the mesopores upon measurement contrary to Hg porosimetry.
Concerning the macropores, deconvoluted macropore peaks are shown in Figure 8 Equation (6) This curve is also drawn in Figure 9 as a continuous line. Clearly the deviation from Equation (3) is small but this consists in the first ever reported calibration curve for TPM including both mesopores and macropores opening a wide range of applications to more complex materials exhibiting for instance hierarchical porosity.
Conclusions
For the first time, the validity of TPM beyond the mesopores domain has been demonstrated.
Using modified silicon alkoxide, hierarchically porous hybrid materials have been prepared.
By changing the synthesis conditions, the macropore size was tuned allowing the use of these materials as reference for TPM. Classical techniques have been used to fully characterized the porosity of the materials, gas sorption, SAXS and TEM for mesopores and mercury intrusion porosimetry and SEM for macropores. TPM gives a very good prediction of both meso and macropores sizes validating its use with other solvents. Furthermore, it has been possible to refine the calibration curve for o-xylene over the whole pore size range from 1 to 300 nm, which is the first known example in the litterature. This opens the way towards the multiscale charaterization of complex systems including polymers, hybrid and nanocomposites just to cite a few. The possibility of using various and sometimes complex liquid probes for TPM makes this technique attractive to the whole chemistry of materials community as examplified in our recent work [24, 25, 38] .
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